A simple instrument for automatically controlling the deposition rate of an electronbeam evaporator is described. The design incorporates a commercially available, microprocessor based, Proportional-Integral-Differential (PID) process controller which provides loop control and automatic determination of optimal proportional, integral and differential loop constants. A logarithmic amplifier is used to linearize the overall loop response. The controller is used in conjunction with a compact electron-beam heated evaporator.
I. INTRODUCTION
The growth and properties of ultra-thin metallic films in the 0-10 nm range is a very active area of research. This is particularly true for magnetic films due to the promise of new low cost and small sized data storage products [1] . The production of high quality films requires evaporators capable of controlling film thickness to submonolayer accuracy and limiting contamination from unwanted sources. Recently, compact evaporator designs have been developed which produce a clean, low flux of atoms of a high melting point material [2, 3] . These designs use a filament to electron-beam (e-beam) heat a source rod of material held at a high potential, usually incorporated in a water or cryogenically cooled chamber.
This type of compact e-beam evaporator has been improved to include integral flux monitoring of the atomic beam by collecting and measuring a portion of the atomic beam flux that is ionized by the heated filament, as described by Jones et al. [3] . The ion current provides a measurement of the atomic beam flux and thereby allows control by a feedback mechanism. The ion flux monitor also allows flux measurements at very low deposition rates, i.e. at 0.01 nm min , which is below the useful detection limit of standard quartz -1 crystal flux monitors.
The ability to monitor the atomic beam flux in the evaporator allows the addition of closed loop control and avoids the problem of the uncertainty and drift of the atomic beam flux with heating power of the evaporator. This paper describes a simple, low cost circuit designed to allow closed loop control of compact e-beam evaporators. In addition, we describe a custom compact e-beam evaporator which can be built from mostly off-the-shelf components. The controller design includes a commercial PID process controller, which provides loop control and automatic determination of optimal loop constants, and a logarithmic amplifier to linearize the overall loop response. Figure 1 shows a photograph of the e-beam evaporator and controller.
II. EVAPORATOR DESIGN
The evaporator design is similar to that described by Jones et al. [3] , which incorporates an integral flux monitoring aperture. The evaporator, shown in figure 2, is mainly built from commercial components, with the exception of the apertures and some connecting parts for the shutter mechanism, allowing for the economical construction of a high quality evaporator. The commercial parts consist of: 1) a water cooled evaporation chamber on a double sided NW35CF flange with two integral electrical feedthroughs for the filament [4] , 2) a port multiplexer containing five NW16CF ports on a rotatable NW35CF flange [5] , 3) a linear motion thimble with a linear travel of 31 mm [6] , 4) a rotary motion feedthrough [7] , 5) a standard BNC electrical feedthrough [8] , and 6) a high voltage electrical feedthrough [9] . The port multiplexer allows the attachment of the various electrical, rotary, and linear feedthrough devices. The linear motion thimble allows the source rod, which is attached to the high voltage feedthrough, to be positioned relative to the filament loop. The position of the source rod is adjusted according to the procedure outlined by Jones et al. [3] , to yield an ion flux measured at a collecting aperture which is relatively insensitive to the position of the source rod. Adjustments to the source rod position are made after large amounts of material have been used.
The excellent linearity of the ion current with Iron deposition rate for this type of compact e-beam evaporator is shown in Fig. 3 . The calibration constant of this unit for an Iron source is obtained from the slope in Fig. 3 and is 5.6 nA/(nm min ) for a sample dependence of the ion current on filament current results from the exponential relationship of the filament emission current with filament temperature in the thermionic emission process [10] . The solution that we chose to this control problem is the addition of a closed loop controller to keep the ion flux constant while linearizing the exponential dependence of the ion current on filament current, as described in the following section.
III. CONTROLLER DESIGN
The material evaporation rate is determined by the temperature of the evaporant source rod. The source rod temperature may be controlled by varying either the accelerating potential or the filament current (the latter varies the electron emission current bombarding the source rod). At first glance controlling the accelerating potential seems to be the easier solution, as the heating power of the source rod should be roughly linear in this variable.
However, the calibration constant of the flux monitor inside the evaporator would change when varying the accelerating potential, due to changes in the evaporant ionization efficiencies and changes in the focusing properties of the e-beam on the source rod. Thus there would not be a linear relation between ion current and deposition rate, as observed in 
IV. PERFORMANCE
The addition of the closed loop controller allows easy use and control of the e-beam evaporator. Operation requires setting the desired ion current on the PID controller unit and turning up the filament current to a value sufficient for the controller to yield the desired ion current. This is achieved by setting the filament current to give an emission current (monitored on the front panel meter) that is sufficient to heat the source. The duty-cycle of the PID controller is monitored by a push button on its front panel. Tuning the PID controller for the correct PID control values is done by putting the unit in auto-tune. With the addition of the log amp to linearize the control loop we find that the PID control values work well over the entire useful range of the evaporator, as shown in Fig. 3 . Without the log amp we found that the PID control values needed to be adjusted depending on the filament current, which is expected given the exponential dependence observed in Fig. 4 .
The regulation of the ion current by the PID controller is demonstrated in the following measurement. As shown in Fig. 6 , the setpoint is initially set for 1 nA ion current and at ~5 s the setpoint was changed to 5 nA. The traces in Fig. 6 shows the ion current reading as the PID controller ramps up the filament current to reach the new ion current setpoint. Initially, a slight overshoot of the setpoint can be observed depending on the PID settings. Once regulation of the setpoint is achieved the ion current is observed to be extremely constant and stable. Deviations from the regulated value are about 0.05 nA p-p, and correspond to a flux stability of 1% over long time periods.
In summary, we have built a compact e-beam evaporator and designed a versatile closed flux loop controller that allow us to carry out studies of thin film Fe growth [19] . The e-beam evaporator and controller offer a wide range of fluxes, clean and easy operation, and can be built easily with commercially available components.
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